Telomerase is a reverse transcriptase that adds repeats of a DNA sequence (TTAGGG) to the ends of chromosomes (telomeres) in mitotic cells, thus maintaining their length and preventing cell cycle arrest and cell death (cellular senescence). During development of the nervous system, telomerase activity levels are high in neural progenitor cells, but then they decrease as cells differentiate or die. The catalytic subunit of telomerase (TERT) remains at relatively high levels during the process of neuronal differentiation and then decreases sharply during the period when synapses form and programmed cell death occurs. TERT promotes survival of developing brain neurons. Suppression of telomerase activity and TERT expression promotes apoptosis of neurons, whereas overexpression of TERT prevents apoptosis by suppressing cell death at a premitochondrial step in the death cascade TERT may suppress DNA damage and/or apoptotic signals activated by damaged DNA. Recent studies of the transcriptional regulation of the TERT gene suggest that this enzyme may mediate the cell survival-promoting actions of diverse signals including estrogen, cytokines and neurotrophic factors. The elucidation of the functions of telomerase activity and TERT in neuronal differentiation and survival may lead to novel approaches for preventing neuronal death and promoting recovery of function in various neurodegenerative conditions.
From cancer to brain development: roles for telomerase in cell proliferation and death
Several articles (Rhyu, 1995; Liu, 1999) including the article by Klapper in this issue of Aging Research Re6iews (Klapper et al., 2001a) , have reviewed the cellular and molecular biology of telomeres and telomerase. In contrast to studies of tumor cells and proliferative somatic tissues, very few studies have examined the roles of telomerase in the nervous system, despite the fact that telomerase activity and TERT expression are quite high during development of the brain (Greenberg et al., 1998; Fu et al., 2000) . Telomerase activity requires an RNA template called telomerase RNA(TR) and a catalytic protein called telomerase reverse transcriptase (TERT) (Fig. 1 ) Several additional telomere-associated proteins have been identified that may modify telomerase activity or otherwise affect telomere stability. (Table 1 ). These include: telomerase repeat-binding factor 1 (TRF1) which may inhibit telomerase activity and promote telomere shortening, TRF-2 which may stabilize telomeres, and TEP-1 which may regulate telomerase activity by interacting directly with TERT (Broccoli et al., 1997; Harrington et al., 1997; Van Seensel and de Lange, 1997) . Proteins involved in DNA repair such as PARP and Ku80 might also play a role in telomere maintenance and function, and may thereby modulate cell proliferation and survival (Evans et al., 1998; d'Adda di Fagagna et al., 1999) .
In somatic cells telomerase activity and TERT levels decrease during growth arrest and cellular senescence (Greenberg et al., 1998; Kim et al., 1994) , and overexpression of TERT in such cells can extend their lifespan (Bodnar et al., 1998; Fig. 1 . Mechanisms by which telomerase may regulate cell proliferation, differentiation and survival. Telomerase activity requires an RNA component (hTR) and the catalytic reverse transcriptase protein called TERT. Telomerase prevents chromosome shortening by adding the six-base DNA repeat (TTAGGG) onto chromosome ends. DNA damage and/or chromosome shortening can activate a cell death pathway involving the ATM kinase, poly (ADP-ribose) polymerase (PARP) and the tumor suppressor protein p53. p53 promotes cell cycle arrest and apoptosis. In the nucleus TERT may suppress DNA damage-induced apoptotic signals. In the cytoplasm, TERT may suppress external apoptotic signals such as those linked to Bax translocation and caspase activation. TERT might also enhance activation of survival signal pathways, such as those activated by growth factors. NLS, nuclear localization signal; RT, reverse transcriptase. Zhu et al., 1999) . That telomerase can promote cell immortality is further suggested by the fact that telomerase activity is very high in most tumor cells (Kim et al., 1994) , and by studies showing that organisms that undergo continuous growth with negligible aging exhibit telomerase activity in all of their somatic cells throughout life (Klapper et al., 1998a,b) . Cancers can result from uncontrolled cell proliferation and/or from suppression of apoptosis (Hanahan and Weinberg, 2000) . Pharmacological inhibition of telomerase or treatment with antisense oligonucleotides can inhibit growth and survival of cancer cells (Kondo et al., 1998a; Fu et al., 1999; Kondo et al., 2000) , suggesting a central role for telomerase in the immortal phenotype. In the case of neural cells it has been shown that telomerase activity decreases in cells as they differentiate into neurons, and that this is associated with increased vulnerability of the cells to apoptosis (Fu et al., 1999 .
Within the past 3 years, studies have shown that telomerase activity and TERT are present in the brain during embryonic development (Greenberg et al., 1998; Fu et al., 2000) . When taken together with the observation that telomerase activity decreases in pheochromocytoma cells when they are induced to differentiate into a neuron-like phenotype in response to exposure to nerve growth factor (Fu et al., 1999; Kondo et al., 1998b Kondo et al., , 2000 Kruk et al., 1996) , a role for telomerase in brain development was suggested. TERT and telomerase activity are widely expressed in neuronal precursor cells during embryonic development in rats and mice . A detailed study of the expression of TERT, TRF1, TRF2 and telomerase activity in three different brain regions and the eye of mice at developmental stages ranging from embryonic day 13 (E13) to the adult revealed striking changes in telomerase activity and TERT expression (Klapper et al., 2001b) . Telomerase activity was very high throughout the brain and in the eye at E13, then declined markedly between E13 and E18, and remained at a moderate level until postnatal day 3 (P3) and thereafter declined to undetectable levels by P10 ( Fig. 2) . Surprisingly, the sharp decrease in telomerase activity in the brain during embryonic development was not paralleled by a decrease in levels of TERT mRNA. The changes in telomerase activity and TERT expression during brain development are intriguing in that they are correlated with major developmental events including cell proliferation, differentiation and cell death. Thus, telomerase activity decreases as proliferation of neuroblasts decreases, which is also a time window when death of many newly generated neural cells may occur (Gilmore et al., 2000) . On the other Fig. 2 . Changes in telomerase activity and TERT mRNA levels in three brain regions and the eye during development suggest roles for TERT beyond telomere maintenance. (A) Relative levels of telomerase activity (determined by TRAP assay) were measured in cortical tissue from mice of the indicated ages (left column). The column at the right shows results of a serial dilution of samples from HeLa cells. The peaks between the primer dimer peak and the internal trap amplification standard (ITAS) represent telomerase activity. (B) Levels of TERT mRNA (determined by RT-PCR analysis) were measured in cortical, hippocampal, brainstem and eye tissue from mice of the indicated ages. E, embryonic day; P, postnatal day. Note that whereas telomerase activity declines sharply during embryonic development, TERT expression remains high well into the postnatal period. hand, TERT levels decrease at a later stage of development in association with neuronal differentiation and synaptogenesis, a time when considerable programmed death of neurons also occurs. The dissociation between TERT levels and telomerase activity suggests that the enzyme activity is important for telomere maintenance in proliferating cells, while TERT may promote cell survival by a mechanism other than telomere maintenance. Consistent with an anti-apoptotic function of TERT in differentiated neurons are data showing that suppression of TERT expression in postmitotic embryonic hippocampal neurons can induce them to undergo apoptosis . The level of mRNAs encoding TRF1 and TRF2 were essentially unchanged from E13 through adulthood (Klapper et al., 2001b) , suggesting that these two proteins may not play active roles in controlling brain development (although permissive roles cannot be ruled out).
Although differentiated neurons and glial cells in the adult brain may not possess telomerase activity and express little or no TERT, there exist small populations of so-called stem cells (which are concentrated in the subventricular zone and dentate gyrus of the hippocampus) that are capable of dividing and differentiating into neurons or glial cells (Gage, 2000) . Such neural stem cells taken from the adult rodent brain possess telomerase activity ( Fig. 3 ) that can be maintained with continued propogation in cell culture (Ostenfeld et al., 2000) . Neural progenitor cells in primary cultures from embryonic mice express high levels of telomerase, which rapidly decreases upon their differentiation into neurons or glia (Haik et al., 2000) . Growth factors and the growth substrate may provide signals that regulate telomerase activity and/or TERT expression. As evidence, basic fibroblast growth factor causes an increase in telomerase activity and proliferation of the neural stem cells without affecting TERT levels (Haik et al., 2000) . Upregulation of telomerase by neurotrophic factors might mediate the neuron survival-promoting actions of such growth factors during brain development (Mattson and Lindvall, 1997) , although this remains to be established. The possibility that neurotrophic factors can induce expression of TERT and/or telmoerase activity in differentiated neurons and glia in the adult brain is currently being examined.
Interestingly, telomerase activity can be induced in cells in the adult brain in response to injury. Whereas telomerase activity was not detected in tissue samples from the hippocampus and cerebral cortex of rats under basal conditions, it was present in tissue samples from the same brain regions of rats that had been administered a seizure-inducing excitotoxin called kainic acid (W. Fu, unpublished Fig. 3 . Telomerase activity in neural stem cells. A standard TRAP assay was performed on homogenates of fetal human neural stem cells (HNSC) after 1 day or 15 days in culture, and on a sample from adult human cerebral cortex. Note that telomerase activity was detectable in the HNSC at 1 day in culture, but not in the HNSC that had been maintained in the absence or presence of growth factors (GF; bFGF and EGF). Telomerase activity was not detected in adult human cortical tissue. data). The cell type(s) in which telomerase activity appears in response to brain injury is not yet known, and the molecular mechanism responsible remains to be determined. Nevertheless, these findings suggest a role for telomerase in cellular responses to brain injury.
Possible mechanisms whereby telomerase regulates cell proliferation and survival
The current view of the mechanism by which temolerase promotes cell proliferation is based upon the concept of a cell cycle checkpoint, a point where the cell must 'decide' whether to divide or exit the cell cycle (Coffman and Studzinski, 1999) . Several different proteins have been identified that play pivotal roles in the decision made at the checkpoint. These include members of the cyclin family of mitotic regulators, the ATM kinase, and the tumor suppressor protein p53. It is quite clear that shortening of telomeres beyond a critical threshold length can trigger cell cycle arrest and, accordingly, telomerase maintains cells in the proliferative state by preventing telomere shortening. Although the mechanisms that control proliferation and cell cycle exit in neural precursor cells have not been studied with the same rigor as other cell types, it is likely that many of the same molecular mechanisms apply (Learish et al., 2000) .
The mechanisms whereby telomerase activity and TERT prevent cell death likely overlap with the mechanisms that control cell proliferation. Notably, signals involved in 'sensing' chromosome instability and DNA damage are likely involved in both actions of telomerase. Apoptosis is characterized by distinctive morphological features (cell shrinkage, plasma membrane blebbing and nuclear chromatin condensation and DNA fragmentation) and biochemical cascades involving proteins of the Bcl-2 and caspase families (Mattson, 2000) . Overexpression of Bcl-2 results in increased telomerase activity in cancer cells (Fu et al., 1999; Mandel and Kumar, 1997) , whereas overexpresion of the tumor suppressor protein PTEN decreases telomerase activity and increases spontaneous apoptosis (Tian et al., 1999) . Of interest with respect to telomerase are the proteins p53, c-Myc and NF-kB (Levine, 1997; Bouchard et al., 1998; Mattson et al., 2000) , P53 is a protein that responds to DNA damage by activating the apoptotic machinery, whereas c-Myc and NF-kB prevent apoptosis. Suppression of TRF2 function can induce apoptosis in some cell types, but not in cells that are either deficient in p53 function or lack an apoptotic response to DNA damage (Karlseder et al., 1999) . Activation of the ATM kinase, which acts upstream of p53, may be necessary for telomere dysfunction-induced apoptosis and may also play a central role in the apoptotic pathway activated by DNA damage (Pandita and Dhar, 2000) . TERT expression is induced by the transcription factor c-Myc, which is of considerable interest in understanding the anti-apoptotic mechanism of telomerase, because c-Myc is associated with cell immortalization and cancer (Fuhrmann et al., 1999) . The upregulation of TERT by c-Myc may therefore provide an explanation for why cancer cells expressing very high levels of c-Myc do not die. Finally, the TERT gene can be induced by NF-kB (Yin et al., 2000) , suggesting a possible role for TERT in the cell survival-promoting actions of NF-kB.
Suppresion of TERT expression in cultured embryonic brain neurons using antisense technology, causes the neurons to undergo apoptosis , demonstrating a requirement for TERT in survival of these embryonic neurons. One mechanism whereby TERT might promote cell survival is by suppressing DNA damage, or signals generated in response to DNA damage, by stabilizing chromosome ends (Holt et al., 1999) . DNA damage is well-established as a trigger for apoptosis, and telomerase can protect cells against apoptosis induced by agents known to induce DNA damage including oxidative insults and amyloid b-peptide Zhu et al., 2000) . The functional relationships of telomerase with DNA damage response pathways involving the ATM kinase, p53, Ku proteins and PARP (see section on cancer research above) are consistent with telomere shortening being 'sensed' as a type of DNA damage. Such DNA damage can either provide a trigger for apoptosis or can be repaired (by telomerase-mediated capping of telomeres) thus preventing apoptosis.
The possibility that TERT and/or telomerase activity mediate survival-promoting actions of well-established signals such as neurotrophic factors merits consideration in light of evidence showing that neurotrophic factors such as FGF can induce TERT expression (Haik et al., 2000) . Another example comes from recent studies of the Akt kinase, a well-established mediator of survival signals activated by neurotrophic factors and other stimuli in neurons. It was recently reported that Akt phosphorylates TERT and enhances its enzymatic activity (Kang et al., 1999) , suggesting a role for telomerase in the cell survival-promoting actions of Akt.
While suppression of a DNA damage response is an attractive hypothesis for the anti-apoptotic action of telomerase activity, accumulating data suggest that TERT may prevent apoptosis independently of its reverse transcriptase activity. Recent findings support a mechanism in which TERT interrupts the cell death process at a premitochondrial step Zhu et al., 2000) . The increased vulnerability to apoptosis of embryonic neurons with low levels of TERT is associated with mitochondrial dysfunction and caspase activation Zhu et al., 2000) , and treatment of TERT-deficient neurons with caspase inhibitors or cyclosporin A, an agent that blocks the mitochondrial permeability transition, prevents cell death (M.P. Mattson, unpublished data) . Conversely, overexpression of TERT in pheochromocytoma cells prevents mitochondrial dysfunction and caspase activation after exposure of the cells to apoptotic insults . Although TERT is often localized primarily in the nucleus, in many cells including embryonic neurons it is also present in the cytoplasm . Because TERT acts at a premitochondrial step in the apoptotic cascade, it may modify the function of cytoplasmic proteins such as Bcl-2 family members or Par-4 that are known to control apoptosis at that point in the cell death process, although this remains to be established.
Analyses of mice lacking the RNA component of telomerase (TR) are consistent with a role for telomerase in preventing apoptosis. The TR−/− mice can be propogated for only a limited number of generations and then show decreased viability with age, which is associated with telomere shortening, reduced proliferation of B and T lymphocytes, and atrophy of the spleen and intestines (Blasco et al., Herrera et al., 2000) . Failure to close the neural tube during development (Herrera et al., 1999) and abnormalities in liver regeneration and enhanced cirrhosis in response to chronic liver injury (Rudolph et al., 2000) provide further evidence for increased susceptibility of cells lacking TR to apoptosis. Activation of p53 occurs in association with telomere shortening and leads to growth arrest and apoptosis in TR−/− cells, and deletion of p53 abolishes the pro-apoptotic effect of TR deficiency (Chin et al., 1999) . Data from TERT-deficient mice suggest that TERT −/− mice are similar to TR−/− mice with respect to telomere maintenance (Nikaido et al., 1999) .
Finally, the promoter of TERT has been cloned and putative transcription regulatory sites identified. In several cases the regulation of TERT expression by specific transcription factors has been demonstrated. Some of the transcription factors regulating TERT expression are listed in Table 2 . The emerging picture is consistent with roles for TERT in regulating cell proliferation and survival. For example, TERT expression is induced by transcription factors such as NF-kB (Yin et al., 2000) and estrogen receptors (Misiti et al., 2000) , which are known to promote survival of a variety of cells including neurons. Conversely, TERT expression is suppressed by pro-apoptotic transcription factors such as p53 (Chin et al., 1999) and Mad (Xu et al., 2000) .
Mechanisms of regulation of neuronal differentiation by telomerase
The fact that telomerase activity decreases as cells differentiate suggests a role for this enzyme in the differentiation process. One possibility is that telomerase promotes cell proliferation and that when telomerase activity decreases the cell exits the cycle and activates a differentiation program. In this view, a decrease in telomerase activity plays only a permissive role in the processes of cell differentiation. Thus, a decrease in telomerase activity during brain development may signal cells to exit the cell cycle and differentiate into neurons or glial cells. Such a mechanism has been clearly established in non-neural cells, and the available data demonstrating correlations between decreasing telomerase activity and differentia-tion of neural cell lines (Fu et al., 1999) and primary neurons support such a mechanism. However, the trigger for differentiation is not simply the shortening of telomeres because exposure of undifferentiated PC12 cells to nerve growth factor, which does not promote telomere shortening, causes a relatively rapid downregulation of telomerase activity and differentition of the cells into a neuron-like phenotype (Fu et al., 1999) . Downregulation of telomerase activity by NGF suggests that telomerase is subject to regulation by specific intracellular signal transduction cascades that involve protein kinases and transcription factors ( Table 2 ). The fact that signals that induce cell differentiation also suppress telomerase activity is consistent with the possibility that the decrease in telomerase activity is simply a consequence of the cell differentiation process and has no particular role in controlling the differentiation process. However, treatment of cells with telomerase antisense (Kondo et al., 1998b) can induce differentiation, indicating that telomerase activity may in fact exert control on the proliferation/differentiation decision.
Future directions
There are strong correlations between telomerase activity and TERT expression and the proliferation, differentiation and survival of many types of cells. The mechanisms whereby telomerase controls these processes are beginning to be understood and include actions on signaling that regulate cell cycle arrest and apoptosis. Pressing areas for further studies include: (1) identifying proteins that interact with telomeres and TERT and establishing their roles in regulating cell proliferation and survival; (2) determining the specific mechanism whereby TERT prevents apoptosis; (3) identifying signaling pathways that regulate expression of TERT, TR and telomere-associated proteins; and (4) elucidating roles for telomerase in aging and age-related disease.
Telomerase activity, as well as TERT and other telomere-associated proteins, are now recognized as targets for drug discovery with potential applications in the treatment of cancers and neurodegenerative disorders. The goal would be to inhibit telomerase in tumor cells and to increase expression of TERT and telomerase activity in neurons. Preclinical studies support such approaches. For example, compounds that inhibit telomerase can suppress tumor growth Yamaguchi et al., 1999) , and a gene therapy approach involving overexpression of TERT was effective in preventing neuronal death in experimental cell culture models relevant to the pathogenesis of Alzheimer's disease and stroke Zhu et al., 2000) . A second approach would be to identify compounds that induce expression of TERT and telomerase activity in neurons. Studies indicate that telomerase is indeed subject to regulation by environmental signals such as neurotrophic factors (Haik et al., 2000) and estrogen (Misiti et al., 2000) , and such data provide a starting point for further work in this area. In any case, the revelation that telomerase can prevent cell death in various experimental paradigms places telomere-associated proteins firmly in the field of apoptosis research and opens the door for future studies of telomerase in the pathogenesis of the multitude of human diseases that involve aberrant regulation of cell death.
